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ABSTRACT 

False  target  generation,  range  and  velocity  gate  pull-off  are  Electronic  Attack  (EA)  techniques 
in  which  received  radar  pulses  are  stored,  then  read  out  and  re-transmitted  back  to  the  source 
radar  after  the  desired  length  of  time.  The  memory  can  be  either  a  recirculating  delay  line  or  a 
digital  radio-frequency  (RF)  memory  (DRFM).  The  DRFM  stores  a  digitised  sample  of  each 
received  pulse,  which  can  provide  high  fidelity  if  the  analogue-digital  conversion  process  has 
sufficient  dynamic  range.  The  speed  of  digital  signal  processing  and  memory  plays  a  critical 
role  in  DRFM  design.  The  analogue-digital  conversion  process  and  bit-rate  limit  the  range  of 
frequencies  that  DRFMs  can  cover. 

Photonics  is  currently  being  investigated  to  implement  EA  techniques  such  as  false  target 
generation,  range  and  velocity  gate  pull-off.  To  fully  take  advantage  of  the  unique  benefits 
offered  by  photonics  to  implement  EA  techniques,  the  development  of  photonic  RF  memory 
(PRFM)  is  required.  PRFM  can  potentially  cover  frequencies  from  near  DC  to  110  GHz,  which 
are  of  interest  in  Electronic  Warfare  (EW).  Photonic  technology  offers  the  opportunity  for 
high  fidelity  signal  storage  without  the  use  of  down-conversion  or  analogue-to-digital 
converters.  In  this  report,  design  issues  and  possible  solutions  of  PRFM  are  discussed  to  assist 
with  the  ongoing  experimental  investigation. 
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Photonic  Radio  Frequency  Memory  -  Design 
Issues  and  Possible  Solutions 


Executive  Summary 

Photonic  technology  is  characterised  by  low  in-fibre  attenuation,  wide  bandwidth  and 
inununity  to  electrical  interference.  These  characteristics  make  photonics  ideal  for  the 
manipulation  of  radio  frequency  (RF),  microwave  and  millimetre-wave  signals.  In 
particular,  photonics  has  been  proposed  as  an  enabling  technology  for  Electronic 
Warfare  (EW)  applications.  Electronic  Attack  (EA)  techniques  such  as  false  target 
generation  and  range  and  velocity  gate  pull-off  require  storage  of  received  radar 
pulses.  If  photonic  EA  techniques  are  to  be  practical,  then  photonic  RF  memory 
(PRFM)  is  required.  Photonic  technology  offers  the  potential  for  high  fidelity  signal 
storage  without  the  use  of  down-conversion  or  analogue-to-digital  converters. 

Photonic  memories  based  on  fibre-optic  true-time  delays  are  practical.  Fibre-optic 
delays  have  been  used  for  beamforming  of  phased-array  radar  systems  and  in  a  simple 
microwave  photonic  jammer.  Fibre-optic  active  recirculating  loops  have  been  used  to 
simulate  long-haul  telecommunication  systems  and  have  been  proposed  as  input 
buffers  for  packet-switched  data.  The  development  of  photonic  memories  for  EA 
techniques  based  on  passive  fibre-optic  delays  and  active  recirculating  loops  requires 
customisation  to  meet  EA  system  specifications. 

Design  concepts  for  photonic  memory  based  on  passive  fibre-optic  delays  are  simple. 
Passive  and  switchable  PRFM  requires  optical  switches  that  are  characterised  by  fast 
switching  speeds  and  low  insertion  losses.  However,  designing  PRFM  based  on  the 
active  recirculating  loop  is  complex  because  it  utilises  an  optical  amplifier  to 
compensate  for  the  loop  attenuation  in  order  to  maintain  a  constant  optical  power 
level.  Critical  design  issues  of  the  active  recirculating  loop  are  noise  accumulation  and 
automatic  loop-gain  control. 

Noise  accumulation  in  the  recirculating-loop  PRFM  must  be  clarified  into  two  distinct 
forms,  known  as  homodyne  and  heterodyne  sources.  Homodyne  noise  cannot  be  filtered 
out,  while  the  heterodyne  noise  can  be  minimised  by  a  combination  of  optical 
bandpass  and  time-domain  filtering.  Time-domain  filtering  is  often  referred  to  as 
gating.  In  addition,  when  dense  wavelength-division  multiplexing  (DWDM)  is  used  to 
enhance  the  functionahty  of  the  recirculating-loop  PRFM,  then  optical  powers  at 
various  wavelengths  require  simultaneous  equalisation;  a  result  of  optical  amplifiers 
not  having  perfectly  flat  gain  responses.  Consequently,  the  automatic  loop-gain 
control  problem  becomes  multi-variable  involving  both  optical  power  and  wavelength. 


In  this  report,  design  issues  of  PRFM  are  analysed  and  discussed  to  understand  its 
limitations.  Possible  solutions  to  overcome  various  design  issues  are  suggested  to 
assist  the  ongoing  experimental  investigation  of  PRFM  within  the  Electronic  Warfare 
and  Radar  Division. 
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1.  Introduction 


The  application  of  photonic  technology  to  implement  Electronic  Warfare  (EW) 
solutions  is  an  ongoing  effort  within  the  Electronic  Warfare  &  Radar  Division,  Defence 
Science  and  Technology  Organisation.  Much  of  the  effort  to-date  has  been 
concentrated  on  Electronic  Support  (ES)  [1-2],  Electronic  Attack  (EA)  has  received 
limited  attention  [3].  EA  techniques  such  as  false  target  generation  and  range  and 
velocity  gate  pull-off  require  storage  of  received  radar  pulses. 

The  memory  can  be  eidier  a  recirculating  delay  line  or  a  digital  radio-frequency  (RF) 
memory  (DRFM).  The  DRFM  stores  a  digitised  sample  of  each  received  pulse,  which 
can  provide  high  fidelity  if  the  analogue-digital  conversion  process  has  sufficient 
dynamic  range.  The  speed  of  real-time  digital  signal  processing  and  memory  plays  a 
critical  role  in  DRFM  design.  The  analogue-digital  conversion  process  and  bit-rate 
determine  die  range  of  frequencies  that  DRFMs  can  cover.  Photonic  RF  memory 
concepts  can  potentially  operate  for  aU  frequencies  from  near  DC  to  110  GHz,  which 
are  of  interest  in  Electronic  Warfare  (EW).  Photonic  technology  offers  the  opportunity 
for  high  fidelity  signal  storage  without  the  use  of  down<onversion  or  analogue-to- 
digital  converters  [3]. 

In  particular,  the  active  recirculating  loop  was  investigated  as  a  form  of  PRFM.  For 
optimum  resolution,  the  delay  length  of  the  loop  should  be  in  the  same  order  as  the 
received  radar  pulsewidth,  which  may  range  from  a  fraction  of  a  microsecond  to 
several  milliseconds  [4].  The  purpose  of  the  recirculating-loop  PRFM  is  to  replay  the 
received  radm  pulses  continuously,  so  that  each  of  the  replayed  pulses  can  be  selected 
and  processed  for  false  target  generation,  range  and  velocity  gate  pull-off  [3-4]. 

The  barriers  to  a  successful  research  outcome,  as  described  by  Reference  3,  were  mainly 
noise  accumulation  and  degrading  pulse  power  after  recirculation  due  to  the  difficulty 
in  controlling  the  closed-loop  gain  close  to  unity  [3].  Figure  1  depicts  up  to  45 
recirculations  with  decreasing  pulse  amplitude  [3].  However,  it  is  imclear  as  to  how 
many  of  these  recirculations  could  be  used  in  a  microwave  photonic  jammer  due  to  the 
decreasing  pulse  amplitude. 

It  has  been  illustrated  recently,  by  numerical  simulation,  that  the  non-ideal  extinction 
ratio  from  the  input  electro-optic  modulator  (EOM)  is  a  critical  factor  limiting  the 
performance  of  the  active  recirculating  loop  [5].  This  poor  extinction  ratio  is  the  major 
source  of  homod5me  noise.  The  other  noise  source,  both  homodyne  and  heterodyne,  is 
the  amplified  spontaneous  emission  from  the  optical  amplifier. 
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Figure  1:  Loop  recirculations pr  1-km  delay  [3]. 

Extensive  investigation  into  the  application  of  the  active  recirculating  loops  as  photonic 
memory  for  packet-switched  data  has  been  performed,  e.g.  [6].  Data  recirculation  was 
achieved  in  a  loop  comprising  of  80  metres  of  standard  non-polarisation-maintaining 
fibre  (equivalent  to  443  nsec),  using  a  semiconductor  optical  amplifier  (SOA)  as  the 
active  element  and  high-speed  lithium  niobate  (LiNbOs)  optical  switches.  The  design 
reported  in  Reference  6  is  directly  comparable  to  the  architecture  suitable  for  PRFM  in 
terms  of  loop  delay  and  number  of  recirculations.  The  performance  of  the  active 
recirculating  loop  in  Reference  6  was  thoroughly  analysed  and  its  findings  have  direct 
implication  to  the  application  of  the  active  recirculating  loop  as  PRFM. 

In  this  report,  a  technical  review  of  both  passive-switchable  and  active  recirculating 
loop  architectures  of  PRFM  will  be  presented.  Discussions  on  design  complexity  and 
operational  difficulties  will  be  highlighted.  Solutions  will  be  proposed  using  the  latest 
commercial-of-the-shelf  (COTS)  photonic  technology  where  possible.  If  a  solution  is 
not  readily  available,  a  research  proposal  will  be  recommended.  The  purpose  of  the 
report  is  to  assist  the  ongoing  experimental  investigation  into  PRFM  being  undertaken 
within  the  Electronic  Warfare  &  Radar  Division. 
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The  structure  of  this  report  is  arranged  into  the  following  sections: 

•  Passive-Switchable  Photonic  RF  Memory  section  outlines  preferred  designs  of  simple 
switchable  fibre-optic  memory  for  EA  applications. 

•  Recirculating-Loop  Photonic  RF  Memory  section  presents  design  issues  and  possible 
solutions  relating  to  the  photonic  active  recirculating  loop. 

•  Conclusions  summarise  the  findings  of  this  report. 

•  Recommendations  detail  future  research  directions. 
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2.  Passive-Switchable  Photonic  RF  Memory 

Passive-switchable  photonic  memories  for  Electronic  Attack  (EA)  applications  are 
easier  to  implement  than  active  recirculating  loops.  The  primary  problem  associated 
with  the  passive-switchable  photonic  memory  is  the  availability  of  optical  switching 
technology  that  is  characterised  by  both  fast  switching  speed  and  low  insertion  loss. 

2.1  Switchable  Fixed-Delay  Memory 

A  simple  passive-switchable  photonic  memory  with  fixed  delays  is  shown  in  Figure  2 
[4].  This  design  requires  a  pre-determined  set  of  optical  true-time  delays  to  be  used, 
,  which  can  be  selected  by  using  the  two  optical  switches.  The  total  insertion  loss  of 
the  memory  in  Figure  2  is  simply  that  of  the  two  optical  switches.  The  N  x  1  optical 
switch  can  be  replaced  with  an  optical  combiner,  which  are  less  expensive  than  optical 
switches.  However,  commercial-off-the-shelf  (COTS)  optical  combiners  exhibit  high 
insertion  loss  because  they  are  actually  optical  splitters,  i.e.  their  insertion  loss  is 
log2(A/)x3dB  where  A/  is  rounded  up  to  the  nearest  power  of  2.  The  photonic 
memory  design  illustrated  in  Figure  2  would  have  limited  practicality  in  EA  [4],  but  it 
is  useful  for  radar  range  calibration  applications. 


1xN 

Optical 

Switch 

_ _ 

Nx1 

Optical 

Switch 

wl 

l^l 

i 

Figure  2:  A  switchable  fixed-delay  photonic  memory  [4]. 

2.2  Switchable  Binary  Delay  Memory 

A  switchable  binary  delay  photonic  memory  is  more  practical  than  fixed-delay  design 
for  false  target  generation  and  range  gate  pull-off  [4].  The  architecture  of  such  a 
memory  design  is  shown  in  Figure  3.  It  consists  mostly  of  2  x  2  optical  switches,  fibre- 
optic  true-time  delays  and  an  optical  coupler.  The  maximum  delay  achievable 
depends  on  tiie  number  of  optical  switches  used  in  the  design.  The  variable  storage 

time  has  a  resolution  equal  to  the  smallest  delay,  t  .  Note  that  if  r,-  =  2^ro  in  Figure  2, 
then  it  is  equivalent  to  the  architecture  in  Figure  3. 
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Figure  3:  A  switchable  binary  delay  photonic  memory  [4]. 


The  maximum  storage  time  of  the  PRFM  shown  in  Figure  3  can  be  shown  usmg  the 
principle  of  induction  to  be: 

(1) 

where  n  is  the  number  of  optical  switches  used  in  the  memory  architecture.  Let  the 
insertion  loss  in  dB  of  each  optical  switch  be,  Lq^,  then  total  insertion  loss  of  the 
architecture  shown  in  Figure  3  is: 

^otal  -  '^^os  +  3  dB  (2) 

This  is  the  loss  experienced  by  an  optical  signal  propagating  through  the  memory 
architecture  when  n  switches  are  used,  regardless  of  the  actual  delay  required.  The 
attenuation  in  optical  fibres  is  negligible  for  short  fibre  lengths  in  comparison  to  the 
total  insertion  loss  of  all  the  optical  switches.  When  n  is  large,  optical  amplification  is 
necessary  to  compensate  for  signal  attenuation. 
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2.3  Discussion 

The  passive-switchable  binary  delay  photonic  memory  is  currently  being  investigated 
experimentally  in  the  Electronic  Warfare  and  Radar  Division  [7].  The  performance  of 
optical  switches  is  critical  to  both  types  of  passive-switchable  photonic  memories 
illustrated  in  Figures  2  and  3.  The  timescale  required  to  rearrange  the  switches  to  select 
the  optical  storage  time  must  be  minimised  so  that  real-time  coxmtermeasure 
techniques  can  be  initiated  at  the  earliest  possible  instance.  In  addition,  the  switches 
must  have  low  crosstalk  to  avoid  multiple-path  interference  corrupting  the  stored 
radar  pulse. 


Examples  of  four  types  of  COTS  optical  switches  and  their  respective  typical 
parameters  are  listed  in  Table  1: 

Table  1:  Commercial-off-the-shelf  optical  switch  technologies. 


Type 

Insertion  Loss 

Switching  Speed 

Crosstalk 

Reference 

Prism  or 
optomechanical 

<1  dB 

Millisecond 

<-80  dB 

Dicon  Fiberoptics 

Inc.  [8] _ 

Lithium  niobate 
(LiNbOa) 

~4.5  dB 

Nanosecond 

~20  dB  in 
extinction 
ratio 

Aeroflex 
Microelectronic 
Solutions  191 

Thermo  optic 

<2dB 

Millisecond 

~20  dB  in 
extinction 
ratio 

Zenastra  Photonics 
Inc.  [10] 

Optical  MEMS 

<1  dB 

Fraction  of  a 
millisecond 

<-55  dB 

JDS  Uniphase  [11] 

There  is  no  single  technology  that  offers  both  fast  switching  speed  and  low  insertion 
loss.  Lithium  niobate  (LiNbOa)  technology  offers  nanosecond-switching  speed,  but  it 
has  high  insertion  loss  and  poor  extinction  ratio.  Prism  switches  offer  the  lowest 
insertion  loss  and  low  crosstalk,  but  their  switching  speed  is  slow.  Optical  micro¬ 
electrical-mechanical  system  (MEMS)  offers  performance  in  between  LiNbOs  and 
prism  technologies. 

Millisecond  switching  speed  is  perfectly  applicable  to  telecommimication  network 
protection  switching,  which  is  the  main  commercial  market  for  these  devices. 
However,  millisecond  switching  would  be  slow  for  EA  applications.  When  used  in 
PRFM  for  EA  techniques,  detected  pulses  from  hostile  threats  are  required  to  be 
switched  into  the  memory  at  a  fraction  of  the  pulsewidth  to  ensure  that  real-time 
deceptive  coimtermeasures  can  be  employed  at  the  earliest  possible  instance  for 
maximum  effect.  In  environment  where  hostile  threats  have  long  pulse  repetition 
interval  (PRI),  during  which  the  optical  switches  could  be  configured,  then  simple 
jamming  techniques  could  be  employed.  Ideally,  a  switching  technology  that  possesses 
the  following  performance  would  be  an  excellent  candidate  for  passive-switchable 
photonic  memory: 

1.  Nanosecond  switching  speed. 
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2.  Low  insertion  loss,  and 

3.  Low  crosstalk,  i.e.  high  extinction  ratio. 

No  single  COTS  optical  switching  technology  listed  in  Table  1  has  this  desirable 
combination  of  characteristics.  TTierefore,  design  trade-offs  for  passive-switchable 
PRFM  based  on  COTS  optical  switches  are  necessary.  These  trade-offs  will  be 
dependent  on  the  specific  application  of  the  memory. 

One  technology  that  exhibits  near-ideal  characteristics  is  an  all-optical  switching 
solution  known  as  a  nonlinear  optical  loop  mirror  (NOLM)  [12].  This  all-optical 
switching  action  is  based  on  nonlinearities  in  optical  fibres.  The  one  disadvantage  of 
this  solution  is  the  high  optical  power  level  (>+20  dBm)  required  to  activate  switching 
behaviour  [12].  There  are  specialty  optical  fibres  with  high  levels  of  nonlinearities  [12], 
which  would  reduce  the  necessary  optical  power  required  to  activate  switching 
behaviour. 

Photonic  storage  based  on  passive-switchable  PRFM  does  not  incorporate  any  form  of 
signal  regeneration.  The  stored  radar  pulse  propagating  through  the  optical  true-time 
delays  can  only  be  replayed  once,  and  then  the  delay  network  has  to  be  re-arranged  for 
a  new  delay  value.  However,  the  PRFM  based  on  an  active  recirculating  loop  has  the 
capability  to  replay  the  pulse  continuously  during  the  PRI  allowing  for  fine  delay 
resolution  without  the  penalty  of  slow  optical  switching  speed.  In  addition,  the 
versatility  and  flexibility  of  the  recirculating-loop  PRFM  to  be  adapted  and  operated 
under  different  threat  environments  are  advantageous. 
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3.  Recirculating-Loop  Photonic  RF  Memory 

fibre-optic  active  recirculating  loop  had  been  demonstrated  as  photonic  memory  [6]. 
theory,  there  is  no  reason  why  Ae  recirculating  loop  cannot  be  used  as  photonic 
radio-frequency  (RF)  memory  (PRFM).  In  this  section,  analysis  is  carried  out  to 
determine  critical  design  issues  needing  to  be  addressed  to  enable  the  active 
recirculating  loop  to  be  operated  as  PRFM. 

3.1  Recirculating-Loop  PRFM  Architecture 

The  recirculating-loop  PRFM  of  interest  for  Electronic  Attack  (EA)  applications  is  as 
illustrated  in  Figure  4.  It  consists  of  three  stages: 

1.  Input  stage  -  A  laser  diode  and  an  external  electro-optic  modulator  (EOM),  A 
suitable  modulation  scheme  will  be  analysed  later  in  this  section. 

2.  Memory  stage  -  An  active  recirculating  loop.  A  suitable  optical  amplifier 
technology  will  be  discussed  later  in  this  section.  The  choice  of  optical  coupling 
ratio  will  influence  the  magnitude  of  optical  gain  required. 

3.  Output  stage  -  A  high-speed  optical  switch  to  select  the  replayed  pulses.  The 
isolator  blocks  any  back-reflection  from  the  switch  back  into  the  loop.  This  stage  is 
simple  and  has  little  influence  on  the  operation  of  the  previous  two  stages. 


Input  Stage 


50:50 

Optical 

Coupler 

Active  Recirculating  Loop 


: - ^  Output  Stage 


Figure  4:  A  basic  architecture  of  a  recirculating-loop  PRFM. 
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The  active  recirculating  loop  shown  in  Figure  4  is  similar  to  that  reported  in 
Reference  6.  There  is  an  additional  optical  switch  at  the  input  to  tiie  active 
recirculating  loop  in  Reference  6,  which  was  used  to  direct  packet-switched  data  either 
to  the  input  buffer,  waiting  for  the  busy  packet  processor,  or  directly  to  the  processor. 
The  loop  delay  used  in  Reference  6  is  around  443  nsec,  which  is  at  the  narrow  end  of 
radar  pulse  width  range  [4].  This  makes  the  research  by  Adam  Dickson  [6]  the  best 
authority  for  recirculating-loop  PRFM  in  comparison  to  recirculating  loops  simulating 
long-haul  telecommimication  systems. 

3.2  Representative  Model  of  Active  Recirculating  Loop 

A  simple  model  of  the  optical  field  recirculating  in  the  loop  is  required  to  investigate 
how  the  performance  of  the  input  stage  can  influence  the  storage  performance  of  the 
loop.  The  optical  frequency  at  1550  nm  is  equivalent  to  193  THz.  If  the  actual  loop 
delay,  ranging  from  microseconds  to  millisecond,  were  simulated,  then  the  numerical 
computation  would  become  too  intensive  and  inefficient  due  to  the  high  sampling  rate 
of  the  optical  field. 

A  representative  model  of  the  active  recirculating  loop  was  developed  by  scaling  down 
the  optical  frequency  to  200  GHz,  referred  to  as  f  in  the  model.  This  is  practically  the 
same  as  the  rmder-sampling  process  used  in  the  Transmission-Line  Laser  Modelling 
technique  [13]  and  photonic  simulation  software  from  VPIsystems  [14].  The  model  is 
based  on  the  ideal  active  recirculating  loop  as  shown  in  Figure  5,  with  a  noiseless 
optical  amplifier  having  a  gain  of  2. 


50:50 

Optical 

Coupler 


Figure  5:  An  ideal  active  recirculating  loop. 


Let  the  input  continuous-wave  (CW)  optical  field  with  unity  amplitude  be: 


Ein{t)  =  s\n 


2n\ 


f  +  -Af 
2 


(3) 
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where  Af  is  the  linewidth  of  the  representative  optical  field  and  x,-  is  a  Gaussian- 
distributed  random  variable  in  Ihe  interval  0  <  |x|  <  oo .  The  linewidth  distribution  of 
semiconductor  lasers  is  Lorentzian  [16],  which  can  be  approximated  to  a  Gaussian 
distribution  near  the  peak  region.  TTie  Gaussian-distributed  random  variable  is 
defined  by  the  inverse  error  function  of  a  uniform  random  variable  0  ^  a  <  1  [15]: 

x  =  ±y/2eri~\u)  (4) 

The  output  optical  field  of  the  ideal  active  recirculating  loop  is: 

(5) 

In  fact,  the  active  recirculating  loop  represented  by  Equation  5  is  a  microwave  photonic 
filter  if  CW  input  is  considered.  The  optical  power  at  the  output  of  the  recirculating 

loop  can  be  recorded  as  (f)|  .  In  the  representative  model,  a  loop  delay  of  1  nsec  is 
proposed  to  reduce  the  numerical  computation  significantly.  The  sampling  of  the 
representative  optical  field  at  200  GHz  is  proposed  at  2.4  THz,  and  the  simulation  is  to 
be  run  over  a  total  of  25  recirculations. 

3.3  Simulation  of  Active  Recirculating  Loop 

Simulations  of  the  active  recirculation  loop  were  performed  for  both  CW  and  pulsed 
optical  input.  This  is  to  show  that  the  simple  input  stage  shown  in  Figure  4  would  be 
inadequate  without  incorporating  noise  suppression. 

3.3.1  CW  Input 

The  input  stage  using  a  DC-biased  EOM  in  Figure  4  produces  a  CW  optical  carrier. 
Electrical  modulation  occurs  when  radar  pulses  are  received.  A  further  advantage  of 
simulating  with  CW  input  is  that  it  also  represents  the  inter-pulse  interference 
expected  if  the  radar  pulsewidth  is  greater  than  the  recirculating  loop  delay. 

Figures  6  and  7  show  the  results  for  CW  input  with  Af  equal  to  1  MHz  and  1  GHz, 
respectively.  Figure  6  shows  an  exponentially  increasing  staircase  output  due  to 
constructive  interference.  Meanwhile,  the  phase  noise  of  the  incoherent  input  having 
1  GHz  linewidth  has  been  translated  into  intensity  noise  in  Figure  7.  The  behaviour  of 
noise  accumulation  in  Figure  7  is  exponential,  but  at  a  slower  rate.  Similarly, 
simulations  were  carried  out  with  the  loop  delay  increased  by  2  timesteps  to  represent 
environmental  fluctuations,  i.e.  fibre  length  or  wavelength  fluctuation  [16].  Figure  8 
shows  the  result  of  optical  coherence  interference  with  1  MHz  linewidth,  while  the 
incoherent  input  has  insignificantly  affected  the  output  illustrated  in  Figure  9.  The 
effects  of  fibre  chromatic  dispersion  have  not  been  modelled  and  must  be  considered. 
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Figure  6:  Output  of  representative  loop  model  for  GN  input  with  linewidth  ofl  MHz. 
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Figure  7:  Output  of  representative  loop  model  for  GV input  with  linewidth  ofl  GHz. 


Figure  9:  Output  of  model  with  1  GHz  linewidth  and  loop  delay  increased  by  2  timesteps. 
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The  simulation  results  illustrated  m  Figures  6  to  9  show  that  the  CW  input  is  not 
suitable  for  the  active  recirculating  loop.  The  loop  delay  must  always  be  greater  than 
the  width  of  the  radar  pulse  to  be  stored  to  avoid  inter-pulse  interference.  The 
disparity  between  the  loop  delay  and  radar  pulsewidth  will  be  discussed  later  when 
noise  accumulation  from  the  optical  amplifier  is  considered. 

3.3.2  Pulsed  Input 

In  the  simulation,  the  pulsewidth  is  taken  to  be  200  timesteps  less  than  the  recirculating 
loop  delay.  The  pulse  modulation  function  of  the  input  optical  field  takes  the 
following  form: 

<« 

where  r  is  the  recirculating  loop  length,  is  the  time  step  and  a  is  the  EOM 
extinction  ratio.  The  non-ideal  extinction  of  the  pulse  modulation  is  modelled 
accordingly.  The  EOM  leakage  is  an  input  homodyne  noise  source,  which  has  the 
same  wavelength  and  interferes  coherently  with  the  recirculating  pulse.  It  can  only  be 
suppressed,  but  cannot  be  filtered  out.  This  is  not  the  same  as  heterodyne  noise 
produced  at  the  photodetector.  The  concept  of  homodyne  and  heterodyne  noise 
sources  is  illustrated  in  Figure  10. 


(a)  Vector  representation  of  homodyne  noise 


Amplified 
Spontaneous 
Emission 


Photodetector 


Signal-Spontaneous  and 
Spontaneous-Spontaneous  beat 
frequencies,  i.e.  fsignai  ±fASE  - 


(b)  Heterodyne  noise 


Figure  10:  Concept  of  homodyne  and  heterodyne  noise  sources. 
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The  concept  of  homodyne  noise  can  be  understood  by  the  vector  addition  of  the  signal 
of  interest  and  noise  at  the  same  wavelength.  The  noise  component  could  have  any 
phase,  i.e.  [0,2;r],  with  respect  to  the  signal  of  interest.  Therefore,  tiie  resultant  vector 
would  have  amplitude  fluctuation  up  to  2  times  or  3  dB  of  the  noise  amplitude.  In 
relation  to  the  active  recirculating  loop,  homodyne  noise  continually  accumulates 
quickly  in  the  active  recirculating  loop,  corrupting  the  stored  pulse. 

Unlike  homodyne  noise,  heterodyne  noise  is  produced  at  the  photodetector,  where  the 
signal  of  interest  beats  with  the  amplified  spontaneous  emission  (ASE)  at  other 
wavelengths,  resulting  in  electrical  interference.  The  ASE  also  beats  with  itself,  but  the 
spontaneous-spontaneous  product  is  often  negligible  in  comparison  to  signal- 
spontaneous  beat  noise.  Heterodyne  noise  can  be  suppressed  by  optical  bandpass 
filtering  the  ASE. 

Simulations  were  performed  with  a  pulsed  input  optical  carrier  with  a  linewidth  of  1 
GHz  and  an  ideal  open-loop  optical  amplification  of  2,  as  shown  in  Figure  5.  Figures 
11  to  13  show  the  recirculating  output  of  the  model  for  modulation  extinction  ratios  of 
20, 50  and  100  dB,  respectively.  The  modulation  leakage,  due  to  imperfect  extinction  of 
the  optical  carrier  tiuough  and  into  the  recirculating  loop,  corrupts  the  recirculating  or 
stored  pulse,  as  illustrated  in  Figure  11.  Improving  modulation  extinction  suppresses 
the  source  of  homodyne  noise  from  the  input  and  tiiereby  improving  pulse 
recirculation,  as  depicted  in  Figure  13.  Figure  13  demonstrates  consistency  with  an 
observation  from  Reference  5,  that  the  poor  EOM  extinction  ratio  is  a  critical  factor 
limiting  the  performance  of  the  active  recirculating  loop.  The  same  simulations  were 
repeated  with  a  linewidth  of  1  MHz  and  the  same  observations  resulted.  It  can  be 
concluded  that  poor  EOM  extinction  ratio  allows  the  input  homodyne  noise  into  the 
recirculating  loop  to  corrupt  the  stored  pulse. 

Figure  14  shows  the  same  simulation  as  illustrated  in  Figure  11,  but  with  a  reduced 
open-loop  gain  of  1.85.  The  reduction  of  the  open-loop  gain  suppresses  the  intensity 
noise  at  the  output  for  tihe  first  several  recirculations.  However,  it  does  not  affect  the 
accumulation  of  homodyne  noise  due  to  poor  EOM  extinction  ratio.  Since  the  closed- 
loop  gain  is  now  below  unity,  the  recirculating  pulse  power  decreases  and  would 
eventually  converge  to  the  same  level  as  the  accumulated  homodyne  noise.  It  is  worth 
noting  that  practical  optical  amplifiers  are  noisy,  unlike  the  ideal  model,  and  will 
produce  ASE  further  adding  to  the  accumulation  of  homod5nie  and  heterodyne  noise. 

The  conclusion  concerning  the  input  homod5me  noise  source  is  consistent  with 
published  research  [6,17].  Multiple  lithium  niobate  (LiNbOa)  optical  switches  were 
recommended  in  Reference  6  to  achieve  high  isolation  of  the  input  optical  carrier  and 
the  packet-switched  data  in  the  recirculating  loop.  In  Reference  17,  a  semiconductor 
optical  amplifier  (SOA)  was  used  after  the  EOM  to  achieve  a  suitable  performance  of 
data  storage. 
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Figure  11:  Output  of  model  for  pulsed  input  with  20  dB  extinction  ratio. 
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Figure  12:  Output  of  model  for  pulsed  input  with  50  dB  extinction  ratio. 
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Figure  13:  Output  of  model  for  pulsed  input  with  100  dB  extinction  ratio. 
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Figure  14:  Output  of  model  with  20  dB  extinction  ratio  and  open-loop  gain  of  1.85. 
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3.4  Overcoming  Poor  EOM  Extinction 

References  6  and  17  demonstrated  methodologies  to  suppress  the  input  homodyne 
noise.  The  solution  to  overcome  the  poor  EOM  extinction  for  recirculating-loop  PRFM 
lies  in  utilising  state-of-the-art  photonic  components.  From  the  simulated  results 
shown  in  Figures  11  to  13,  a  suitable  extinction  ratio  of  at  least  50  dB  is  required.  This 
is  consistent  with  a  signal-to-noise  ratio  of  the  first  pulse  shown  in  Figure  1.  A  possible 
solution  is  to  utilise  the  low-speed  optical  MEMS  or  prism  switches,  risking  deceptive 
countermeasures  against  hostile  threats  not  being  employed  at  the  earliest  possible 
instance  for  maximum  effect.  In  addition,  the  long  duration  it  takes  to  rearrange  the 
switch  would  allow  the  imwanted  input  homodyne  noise  to  leak  through  to  the 
recirculating  loop. 

A  new  proposal  to  suppress  the  input  homodyne  noise  into  the  recirculating-loop 
PRFM  is  illustrated  in  Figure  15.  No  optical  switch  is  required.  A  pulse  detector  is 
required  to  enable  the  EOM  to  produce  pulsed  input  into  the  active  recirculating  loop. 
The  same  signal  can  be  further  used  to  turn  the  laser  diode  and  an  attenuator  on  and 
off  accordingly,  improving  the  suppression  of  the  unwanted  input  homodyne  noise 
into  the  recirculating  loop.  The  solution  in  Figure  15  is  capable  of  providing  more  than 
50  dB  of  suppression  of  the  optical  carrier.  There  is  no  need  for  specialty  photonic 
components  other  than  COTS  devices,  which  implies  cost  and  engineering  benefits. 


Figure  15:  Design  of  input  stage  of  the  active  recirculating  loop. 
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The  laser  diode  and  attenuator  can  be  in  an  integrated  14-pin  butterfly  package.  The 
attenuator  takes  the  form  of  an  integrated  external  modulator,  e.g.  a  Mach-Zehnder 
modulator  [18]  providing  up  to  14  dB  of  voltage-controlled  attenuation.  The  laser 
diode  carmot  be  turned  off  completely,  as  it  takes  time  to  turn  on.  Instead,  it  should  be 
biased  at  threshold  to  minimise  the  tum-on  time  to  maintain  the  original  radar 
pulsewidth  information.  Turning  the  laser  on  and  off  from  threshold  should  provide 
at  least  20  dB  suppression  of  the  input  optical  carrier.  Assuming  a  conservative  20  dB 
extinction  from  &e  EOM,  these  totd  up  to  50  dB  of  suppression  to  keep  the  unwanted 
input  homodyne  noise  to  an  acceptable  level. 

Switching  the  laser  diode  directly  on  and  off  would  chirp  the  optical  output  [16]. 
Chirping  would  result  in  problems  associated  with  fibre  chromatic  dispersion  when  a 
large  number  of  recirculations  are  considered.  Another  problem  would  arise  if  a 
Doppler  frequency-shift  were  utilised  to  induce  false  velocity  deception  [19]. 
However,  such  chirping  can  be  overcome  by  turning  the  laser  on  for  a  period  slightly 
longer  than  the  radar  pulsewidth,  and  then  use  both  the  attenuator  and  EOM  to  crop 
the  rising  and  falling  edges  of  the  optical  pulse  where  chirping  mostly  occurs  [16]. 

3.5  Optical  Amplification  for  the  Active  Recirculating  Loop 

The  application  of  standard  non-polarisation-maintaining  fibre  as  loop  delay  needs  to 
address  polarisation  variation,  as  highlighted  by  Reference  6.  However,  polarisation 
effects  can  be  minimised  by  using  photonic  components  that  are  either  polarisation- 
independent,  or  at  least  have  low  polarisation-dependent  losses  [6].  The  most  critical 
component  in  the  active  recirculating  loop  therefore,  is  the  optical  amplifier.  There  are 
two  technologies  for  optical  amplification,  namely  the  semiconductor  optical  amplifier 
(SO A)  [6,16,20-21]  and  erbium-doped  fibre  amplifier  (EDFA)  [22].  Table  2  list  a 
summary  of  characteristics  of  SO  As  and  EDFAs  [6,16,20-22].  EDFAs  have 
revolutionised  long-haul  telecommunication  systems,  but  its  applicability  in 
recirculating-loop  PRFM  must  be  evaluated  in  comparison  with  SO  As. 


Table  2:  A  comparison  of  SO  A  and  EDFA. 


SOA 

EDFA 

Bandwidth 

Both  technoioqies  offer  similar  bandwidth. 

Gain 

Both  technoiogies  offer  typicai  gain  of  ~20  dB.  EDFAs  can 
be  designed  to  provide  higher  gain  (up  to  40  dB). 

Noise 

Typical  noise  figure  ~8  dB 

Similar  typical  noise  figure. 
Low-noise  designs  exhibit 
noise  figures  of  ~4  dB 

Saturation  power 

~10dBm 

From  ~15  up  to  >30  dBm 

Carrier  relaxation 

Nanoseconds 

Milliseconds 

Cost 

Low 

Moderate  to  high 
depending  on  gain  and 
noise  figure 

Size  and  weight 

Compact  14-pin  butterfly 
package 

Bulky.  However,  planar 
waveguide  technology  may 
offer  miniaturisation 
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In  addition  to  amplifying  signals,  the  optical  amplifier  is  also  a  source  of  both 
homodyne  and  heterodyne  noise  in  the  form  of  amplified  spontaneous  emission  (ASE). 
Careful  consideration  and  attention  are  required  to  eliminate  ASE  noise  accumulation 
in  the  recirculating-loop  PRFM. 

3.5.1  Heterodyne  Noise 

The  heterodyne  noise  resulting  from  ASE  accumulation  can  be  minimised  by  using 
narrow  optical-bandpass-filtering  (BPF)  [3,6],  such  as  fibre  Bragg  gratings  (FBG)  [23]. 
This  is  consistent  with  previous  research  [3].  The  bandwidth  of  the  filter  must  be  wide 
enough  to  pass  the  sidebands  representing  the  electrical  modulation  frequency  of  the 
radar.  Filtering  of  the  heterodyne  ASE  must  be  given  due  consideration,  as  it  can 
accumulate  and  saturate  tiie  optical  amplifier,  reducing  its  useful  gain  [22].  If  an 
electrical  spectrum  of  up  to  40  GHz  is  specified  for  the  recirculating-loop  PRFM,  the  its 
optical  bandwidth  would  need  to  be  80  GHz,  i.e.  ~1  nm.  It  is  still  a  large  bandwidth, 
which  would  allow  a  significant  amount  of  ASE  to  accumulate.  An  improved  filter  is 
proposed,  whose  response  is  depicted  in  Figure  16. 
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Figure  16:  Proposed  optical  filter  response  for  suppression  of  heterodyne  noise. 


The  new  filter  would  have  three  bands,  i.e.  one  fixed  band  for  the  optical  carrier  and 
two  40  GHz  tunable  bands  to  select  the  sidebands  representing  electrical  modulation 
up  to  40  GHz.  This  proposed  filter  could  be  constructed  by: 

1.  A  Fabry-Perot  etalon  with  tunable  free-spectral-range.  This  filter  type  could 
provide  high  finesse  for  signal  selectivity. 

2.  Two  timable  chirped  FBGs  [23]  could  be  used  for  the  sidebands.  However,  narrow 
bandwidth  is  more  difficult  to  achieve  with  FBGs. 
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3.5.2  Homodyne  Noise 

Optical  filtering  cannot  eliminate  homodyne  ASE  from  the  optical  amplifier,  because  it 
is  at  the  same  wavelength  as  the  signal  of  interest.  Low-noise  optical  amplifiers 
minimise  the  production  of  both  homodyne  and  heterodyne  ASE,  but  the  noise 
accumulation  problem  is  not  eliminated.  References  6  and  17  outline  a  suitable 
methodology  to  suppress  the  homodyne  ASE  from  the  optical  amplifier.  Nothing  can 
be  done  when  amplifying  the  stored  pulse,  but  the  amplifier  should  be  turned  off  when 
not  amplifying.  In  fact,  optical  amplifiers  produce  higher  amount  of  ASE  when  not 
amplifying.  The  technique  to  suppress  ASE  is  known  as  time-domain  filtering  or 
gating  [6,17].  Gating  can  also  function  to  erase  the  stored  pulsed  from  the  active 
recirculating  loop,  ready  to  store  a  new  incoming  pulse. 

From  Table  2,  an  SOA  can  perform  the  gating  function  directiiy,  due  to  it  having  a  fast 
carrier  relaxation  time,  i.e.  ~5  ns  [16].  The  EDFA  has  a  carrier  relaxation  time  of  ~10 
msec  [21],  which  is  too  long  to  respond  as  a  gating  function  as  well  as  amplifying. 
Application  of  the  EDFA  to  active  recirculating  loops  would  require  a  separate  gating 
device,  which  can  be  an  SOA  [6]. 

Figure  17  illustrates  designs  to  suppress  both  homodyne  and  heterodyne  ASE  noise 
from  SOAs  and  EDFAs  for  application  in  the  active  recirculating  loops.  The  optical 
amplifier  in  Figure  2  should  be  replaced  with  the  circuitry  illustrated  in  Figure  17.  In 
Figure  17(b),  the  SOA  is  used  to  perform  the  gating  function,  while  the  amplification  is 
provided  by  the  EDFA.  In  this  case,  the  SOA  does  not  need  to  have  much  gain. 
However,  when  the  SOA  is  used  to  both  amplify  and  perform  the  gating  function  as  in 
Figure  17(a),  then  an  SOA  with  high  gain  would  be  more  suitable. 

3.6  Loop  Delay  Requirements 

Adam  Dickson  [6]  has  demonstrated  an  active  recirculating  loop  using  an  SOA  and  a 
short  loop  delay  of  80  m,  which  is  equivalent  443  ns.  Up  to  80  recirculations  were 
obtained  for  packet-switched  digital  data.  Gating  at  nanosecond  speed  was 
implemented  directly  with  the  SOA. 

Radar  pulsewidths  may  range  from  a  fraction  of  a  microsecond  to  several  milliseconds 
[4].  Therefore,  the  active  recirculating  loop  photonic  memory  demonstrated  in 
Reference  6  is  capable  of  storing  the  shortest  received  radar  pulses.  Therefore,  it  can  be 
concluded  that  recirculating-loop  PRFM  has  a  potential  resolution  of  0.5  ps  and  storage 
capability  of  at  least  80  recircxilations. 

3.6.1  Varying  Loop  Delay 

If  the  recirculating-loop  PRFM  operates  in  an  environment  in  which  the  received  radar 
pulsewidth  does  not  change,  then  the  loop  delay  can  be  fixed  according  to  the  known 
radar  pulsewidth. 
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A  passive-switchable  binary  delay  memory  in  Figure  3  could  be  incorporated,  as  part 
of  the  recirculating  loop  to  improve  the  operational  versatility  and  flexibility  of  the 
recirculating-loop  PRFM.  The  pulse  detector  at  the  input  stage  in  Figure  15  could  be 
utilised  to  rearrange  the  passive-switchable  binary  delay  network.  The  following 
issues  relating  to  optical  switches  must  be  carefully  considered: 

1.  Open-loop  gain  changes  due  to  the  varying  number  of  optical  switches.  Dynamic 
gain  control  is  needed  to  maintain  closed-loop  gain  near  unity.  Relaxation 
behaviour  of  the  d5mamic  gain  control  must  be  fast  to  enable  a  radar  pulse  to  be 
captured  and  stored  imdistorted. 

2.  High  crosstalk  or  low  extinction  would  worsen  the  homodyne  noise  accumulation 
problem.  Signals  could  propagate  through  multiple  paths  and  coherently  interfere 
with  the  actual  stored  radar  pulse. 

In  an  envirorunent  in  which  pulsewidth  varies,  it  is  possible  to  compress  all  received 
radar  pulses  to  a  fixed  pulsewidth  before  storing  them  in  the  recirculating-loop  PRFM 
[3].  The  concept  of  radar  pulse  compressor  and  decompressor  is  depicted  in  Figure  18. 
Pulse  compression  and  decompression  is  achieved  by  delaying  dense  wavelength- 
division  multiplexed  (DWDM)  optical  carriers  through  a  chain  of  FBGs  [3].  The 
DWDM  pulse  compressor  and  decompressor  is  a  subject  of  another  research  activity 
and  not  discussed  further  in  this  report. 


Figure  18:  PRFM  incorporated  into  the  pulse  compressor  and  decompressor. 

3.6.2  Number  of  Recirculations  Required 

The  number  of  recirculations  required  from  the  recirculating-loop  PRFM  depends  on 
the  duty  cycle  or  factor  of  the  incoming  radar  signals.  The  duty  cycle  is  defined  as  the 
ratio  of  the  pulsewidth  to  the  pulse  repetition  interval  (PRI). 

A  duty  cycle  of  0.0012  or  0.12%  has  been  quoted  in  Reference  26.  If  such  radar  signal 
were  to  be  stored  and  replayed  continuously  with  a  recirculating-loop  PRFM,  then  the 
total  number  of  recirculations  within  the  PRI  would  be  up  to  1000.  This  number  is  high 
and  very  difficult  to  achieve  in  the  first  step  of  the  experimental  investigation  of 
recirculating-loop  PRFM.  A  number  of  100,  which  corresponds  to  a  duty  cycle  of  0.01 
or  1  %,  has  been  suggested  as  an  excellent  starting  point. 
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3.7  Multiple-Variable  Dynamic  Gain  Control 

Without  explaining  the  functionality  of  the  pulse  compressor  and  decompressor,  it 
suffices  to  say  that  there  would  be  optical  pulses  at  multiple  wavelengths  propagating 
through  the  recirculating-loop  PRFM  as  illustrated  in  Figure  18  [3].  Assuming  that  the 
accumulation  of  both  homodyne  and  heterodyne  ASE  is  controlled,  the  most  critical 
engineering  problem  concerning  the  recirculating-loop  PRFM,  when  incorporated  into 
the  pulse  compressor  and  decompressor  concept,  is  the  dynamic  control  of  the  closed- 
loop  gain.  The  dynamic  gain  control  problem  [28]  of  the  active  recirculating  loop  has 
become  a  multiple-variable  control  problem,  i.e.  channel  power  across  wavelength 
range.  The  closed-loop  gain  is  required  to  be  maintained  near  unity  at  multiple 
wavelengths,  otherwise  the  original  radar  pulse  cannot  be  reproduced  if  wavelength- 
coded  pulse  amplitudes  are  imbalanced  and  their  phases  are  mismatched.  This  is  a 
wavelength-dependent  dynamic  gain  control  problem  requiring  a  fast  response  time  in 
a  fraction  of  the  loop  delay. 

Wavelength-dependent  dynamic  gain  control  is  a  difficult  task.  In  telecommunication 
systems,  the  slow  response  time  of  the  EDFAs  is  acceptable,  making  the  dynamic  gain 
control  manageable  [23-25].  Most  dynamic  gain  control  and  channel  equalisation  in 
recirculating-loop  transmission  experiments  are  achieved  by  knowing  exactly  how 
many  recirculations  are  required  in  advance  [12].  If  the  recirculating-loop  PRFM 
described  in  this  report  is  to  be  utilised  in  range  gate  pull-off  application,  then  the 
multiple-variable  dynamic  gain  control  needs  to  have  fast  response  time  and  it  must  be 
applicable  for  varying  number  of  recirculations. 

3.8  Summary 

Design  issues  relating  to  tiie  recirculating-loop  PRFM  have  been  reviewed  in  reference 
to  previous  research  [3,6,17]: 

1.  Limiting  input  homodyne  noise  into  the  recirculating-loop  PRFM.  Simulation 
showed  that  >50  dB  suppression  of  the  input  optical  carrier  is  required, 

2.  Suppression  of  both  homodyne  and  heterodyne  noise  is  highly  critical, 

3.  The  choice  of  optical  amplification  will  influence  the  design  of  the  recirculating- 
loop  PRFM,  and 

4.  Multiple-variable  dynamic  gain  control  must  be  addressed  if  the  recirculating-loop 
PRFM  is  to  be  incorporated  into  the  pulse  compressor  and  decompressor  concept. 

Note  that  the  requirement  of  >50  dB  suppression  of  the  input  optical  carrier  is  only  m 
reference  to  the  regeneration  of  the  radar  pulses  using  recirculating-loop  PRFM.  The 
effect  of  homodyne  noise  on  the  threat  seduction  process  has  not  been  analysed. 
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4.  Conclusions 


Passive-switchable  photonic  radio-frequency  (RF)  memory  (PRFM)  requires  an  optical 
switching  technology  that  has  low  insertion  loss,  fast  switching  speed  and  low 
crosstalk.  However,  a  review  of  commercial-off-the-shelf  (COTS)  technologies  shows 
that  there  is  no  single  technology  that  can  meet  all  of  the  desired  characteristics. 

Research  into  a  photonic  buffer  for  packet-switched  data  by  Adam  Dickson  [6]  has 
many  similarities  to  PRFM.  It  is  therefore  the  most  authoritative  reference  on  die 
subject.  Recirculating-loop  PRFM  requires  a  systematic  approach,  addressing  all 
design  issues  at  once,  in  order  to  make  it  operational.  Erbium-doped  fibre  amplifiers 
(EDFAs)  might  not  be  applicable  to  the  active  recirculating  loop.  Semiconductor 
optical  amphfiers  (SOAs)  provide  simultaneously  both  the  gain  and  switching  speed 
required  for  fast  noise  and  gain  control.  The  major  design  issues  of  the  active 
recirculating  loop  are  summarised  below: 

1.  Limiting  input  homodyne  noise  into  the  recirculating-loop  PRFM.  Simulation 
shows  that  >50  dB  suppression  of  the  input  optical  carrier  is  required, 

2.  Suppression  of  both  homodyne  and  heterodyne  noise  is  highly  critical, 

3.  The  choice  of  optical  amplification  will  influence  the  design  of  the  recirculating- 
loop  PRFM,  and 

4.  Multiple-variable  dynamic  gain  control  must  be  addressed  if  the  recirculating-loop 
PRFM  is  to  be  incorporated  into  the  pulse  compressor  and  decompressor  concept. 

Multiple-variable  d5mamic  gain  control  of  opticaf  amplifiers  is  a  difficult  engineering 
task,  which  warrants  dedicated  research  resources.  It  will  have  far  reaching 
applications  wherever  dense  wavelength-division  multiplexing  is  deployed,  e.g. 
recirculating-loop  PRFM  as  a  defence  application  and  channel  equalisation  in  all- 
optical  network  in  telecommunications. 
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5.  Recommendations 


Research  on  implementing  single-wavelength  operation  of  the  recirculating-loop 
photonic  radio-frequency  (RF)  memory  (PRFM)  has  been  re-initiated.  One 
recommendation  is  to  focus  on  the  PRFM  as  a  whole  system  of  components  working 
together,  rather  than  focusing  on  individual  components.  Simple  solutions  with 
inexpensive  commercial-off-ihe  shelf  (COTS)  components  are  intuitively  possible. 
High-speed  electronics  expertise  is  essential. 

Four  areas  to  target  in  the  experimental  investigation  of  recirculating-loop  PRFM  are 
recommended: 

1.  Simulation  shows  that  >50-dB  suppression  of  the  input  optical  carrier  is  required  to 
suppress  homodyne  noise  problem.  Techniques  to  obtain  such  high  extinction  are 
required.  A  single  external  modulator  would  only  provide  at  best  25  dB.  A 
solution  proposed  in  this  report,  i.e.  using  a  laser  with  an  integrated  modulator  and 
an  additional  external  modulator,  is  one  possible  technique. 

2.  Suppression  of  heterodyne  noise  is  also  highly  critical.  Narrowband  optical 
bandpass  filtering  would  only  do  a  partial  job  suppressing  the  heterod}me  noise.  A 
special  three-band  optical  filter  proposed  in  this  report  must  be  investigated. 
Gating  must  be  implemented  to  further  eliminate  heterodyne  noise. 

3.  The  choice  of  optical  amplification  will  influence  die  design  of  the  recirculating- 
loop  PRFM.  Both  semiconductor  optical  amplifiers  and  erbium-doped  fibre 
amplifiers  must  be  investigated  to  determine  the  more  suitable  candidate  for 
application  in  recirculating-loop  PRFM. 

4.  Dynamic  gain  control  in  multiple-wavelength  recirculating-loop  PRFM  should  also 
be  attempted. 
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